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ABSTRACT

Cruciferous-rich diets, particularly broccoli, have been associated with reduced risk of developing cancers of
various sites, cardiovascular disease and type-2 diabetes. Sulforaphane (SF), a sulfur-containing broccoli-derived
metabolite, has been identified as the major bioactive compound mediating these health benefits. Sulforaphane is
a potent dietary activator of the transcription factor Nuclear factor erythroid-like 2 (NRF2), the master regulator
of antioxidant cell capacity responsible for inducing cytoprotective genes, but its role in glucose homeostasis
remains unclear. In this study, we set to test the hypothesis that SF regulates glucose metabolism and ameliorates
glucose overload and its resulting oxidative stress by inducing NRF2 in human hepatoma HepG2 cells. HepG2
cells were exposed to varying glucose concentrations: basal (5.5 mM) and high glucose (25 mM), in the presence
of physiological concentrations of SF (10 uM). SF upregulated the expression of glutathione (GSH) biosynthetic
genes and significantly increased levels of reduced GSH. Labelled glucose and glutamine experiments to measure
metabolic fluxes identified that SF increased intracellular utilisation of glycine and glutamate by redirecting the
latter away from the TCA cycle and increased the import of cysteine from the media, likely to support glutathione
synthesis. Furthermore, SF altered pathways generating NADPH, the necessary cofactor for oxidoreductase re-
actions, namely pentose phosphate pathway and 1C-metabolism, leading to the redirection of glucose away from
glycolysis and towards PPP and of methionine towards methylation substrates. Finally, transcriptomic and tar-
geted metabolomics LC-MS analysis of NRF2-KD HepG2 cells generated using CRISPR-Cas9 genome editing
revealed that the above metabolic effects are mediated through NRF2. These results suggest that the antioxidant
properties of cruciferous diets are intricately connected to their metabolic benefits.

1. Introduction

in metabolic homeostasis and detoxification.
Diets rich in fats and sugars have been implicated in increased

The liver is the central metabolic organ in the body whose function is
to govern energy metabolism. The liver comprises four distinct cell
types; hepatocytes, hepatic stellate cells, Kupfer and sinusoidal epithe-
lial cells; the predominant cell type is hepatocytes which account for
approximately 80% of the liver’s mass [1]. Hepatocytes are involved in
various cellular and metabolic functions such as protein synthesis and
storage, catabolism of amino acids, carbohydrate metabolism, choles-
terol synthesis, bile acids/salts and phospholipids, and the detoxifica-
tion of xenobiotics [2]. As a result, hepatocytes play a fundamental role

oxidative stress [3]. Oxidative stress is caused by an imbalance between
the production and accumulation of reactive oxygen species (ROS) [4] in
cells and tissues [5], leading to the activation of the transcription factor
NF-kB, resulting in the expression of the following cytokines: tumour
necrosis factor-alpha (TNFa) and interleukin 6 (IL6), thereby promoting
inflammation, along with cellular senescence via cellular damage [4,6,
71.

Broccoli belongs to the family of cruciferous vegetables or Brassica-
ceae (Cruciferae), which uniquely produce glucosinolates (GSLs) as a
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defence mechanism against pests and diseases [8]. Consumption of
cruciferous vegetables, particularly broccoli, is associated with reduced
cancer incidence and cardiovascular risk [8,9]. These benefits have been
attributed to the breakdown products of GSLs, which in the case of
broccoli is sulforaphane (SF), a highly bioactive dietary compound with
chemopreventive, antioxidant and anti-inflammatory activities demon-
strated in numerous in vitro and in vivo studies (ITCs) [10]. Although SF
has demonstrable antioxidant effects, it cannot be considered a direct
antioxidant, such as vitamin C; instead, it exerts its effect by strongly
inducing an antioxidant response [10]. SF’s gut formation leads it to be
readily conjugated to glutathione, either passively or through the ac-
tivity of glutathione S-transferases (GSTs) [11]. The glutathione conju-
gate is then exported to the systemic circulation, possibly via the
multidrug resistance associated protein-1. The SF-glutathione conjugate
is metabolised via the mercapturic acid pathway, which is finally
excreted through the urine [12]. SF-GSH conjugate and other ITC thiol
conjugates have been shown to inhibit phase I enzymes and induce
phase Il metabolism [12]. Indeed, SF is the most potent dietary activator
of the nuclear factor erythroid 2-related factor transcription factor
(NRF2) [13,14].

NRF2 is a master cellular regulator of oxidative stress, as it regulates
the activity of several genes involved in scavenging free radicals [15,
16]. Under normal conditions, NRF2 is inactive and bound to Kelch-like
associated protein 1 (KEAP1) in the cytoplasm, ubiquitinated and sent
for proteasomal degradation [17]. In the presence of electrophiles, SF
interacts with sulfhydryl groups of cysteine residues of KEAP1, thereby
releasing NRF2, where it binds to the sMaf protein, translocating to the
nucleus and binding to the Antioxidant Response Element (ARE) present
in the promoter of antioxidant response genes and inducing their tran-
scription [18]. Among others, these include NADPH quinone oxidore-
ductase (NQOL1), the glutathione biosynthetic genes (glutamate-cysteine
ligase modifier and catalytic subunits; GCLM and GCLC) and thioredoxin
reductase (TXNRD1) [15].

In addition to the antioxidant potential of broccoli diets, several
human studies have recently reported SF as a potential modulator of
metabolic health. Consumption of broccoli with increased GSL content
reduced the levels of LDL cholesterol and attenuated genes involved in
prostate cancer progression [19-21], and SF supplementation by itself
improved glucose homeostasis in Type 2 diabetics [9]. However, the
molecular mechanisms leading to such metabolic benefits have not been
identified. Interestingly, the latest evidence now shows that NRF2 is
involved in controlling the activity of several genes involved in central
metabolism, such as glycolysis [22], TCA Cycle [23,24], Pentose Phos-
phate Pathway [25] and Lipid Metabolism [10,26]. This suggests for the
first time that the metabolic benefits of broccoli-rich diets may also be
mediated by the ability of SF to activate NRF2 potently.

In this study, we set to test the hypothesis that SF regulates glucose
metabolism and ameliorates glucose overload and its resulting oxidative
stress by inducing NRF2. We used a well-established hepatocellular
carcinoma cell line, HepG2, as a liver model and exposed HepG2 to
varying concentrations of glucose to induce oxidative stress ranging
from basal (BG 5.5 mM) to high glucose (HG 25 mM). We measured the
effects of dietary SF on whole-genome transcription and metabolism
fluxes using a combination of metabolic phenotyping and stable isotope
labelling experiments in wild-type and NRF2 knock-down cells gener-
ated by CRISPR-Cas9. The findings show that SF rewires central meta-
bolism to support the antioxidant response in high glucose
environments, demonstrating for the first time how the antioxidant
properties of cruciferous diets are intricately connected to metabolic
benefits.

2. Materials and methods
2.1. Preparation of sulforaphane

R, S-sulforaphane (LKT Laboratories #: S8044) was dissolved in
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100% dimethyl sulfoxide (DMSO, Sigma #: D2650) to achieve a 5.5 M
concentration a 100 mM master stock solution stored at —20 °C. 10 pL of
the 100 mM stock solution was diluted to a 1 mM working solution.
From the 1 mM solution, sulforaphane was diluted to final concentra-
tions in the culture medium just before the addition to the cultures. The
final concentration of DMSO in the culture was <0.01%, which is
significantly lower than the 1% previously reported to have biochemical
impact on sulfur metabolic pathways [27,28].

2.2. Cell culture

HepG2 cells, a human hepatocarcinoma cell line, were obtained from
the American Type Culture Collection (ATCC, #: HB-8605). HepG2 was
cultured in EMEM (Eagle’s Minimum Essential Medium ATCC 30-2003)
containing 10% fetal bovine serum (FBS) (Gibco #:10082147), 100 pg/
ml! penicillin, and 100 pg/ml? streptomycin (Gibco #:15140122).
Cells were maintained at 37 °C in a 5% CO5 environment.

2.3. RNA extraction and sequencing

The same RNA extraction protocol was used for the WT experiment
under basal and high glucose, and the WT and NRF2-KD HepG2 cells
were cultured in high glucose. Briefly, HepG2 cells were seeded on a 6-
well plate (2 x 10° cells/well) and treated with 10 M of SF or control
(DMSO) in serum-free DMEM without glucose (Gibco #:11966025)
supplemented with 1 mM sodium pyruvate (Gibco #:11360070), and
5.5 mM or 25 mM glucose (Gibco #: A2494001). RNA was extracted
using the RNeasy Qiagen kit (QIAGEN #:74004) according to the
manufacturer’s instructions. RNA abundance and integrity were
assessed using the Nanodrop ND-1000 spectrophotometer. RNA was
sent to GeneWiz (Essex, United Kingdom). Both quality control and
sequencing were carried out by GeneWiz through BioAnalyzer. Samples
were then ribo depleted through the TruSeq RNA-Poly A (Illumina).
Sequencing was performed on an Illumina NovaSeq 2x using 150-bp
paired-end reads, generating 35 million reads/library.

The RNA-sequencing data analysis was divided into two steps: pro-
cessing the raw RNA-sequencing data to estimate gene counts and then
the comparative analysis of the transcriptomics data. Data processing
followed the protocol for the "new Tuxedo" suite for short reads [29] and
using the HPC environment managed by the Norwich Bioscience Institute’s
Computing infrastructure for Science, CiS [30]. Genes were aligned to the
Human Reference Genome taken from Ensembl’s release 97, GRCh38.
pl3" and used as reference the latest publication from Ensemble:
https://doi.org/10.1093/nar/gkab1049.

Differential Expression analysis was performed using DESeq2 version
1.32.0 [25] using the raw gene counts with no replacement. Three to
four biological replicates were used, and genes with less than ten counts
were removed. For the statistical analysis, three samples were taken (as
opposed to taking the average). Functional analysis was performed with
the ranked list of expressed genes using the rank-rank hypergeometric
overlap algorithm (RRHO) [31]. The RRHO algorithm compares two
gene expression profiles as a ranked list, typically using the statistical
results from the differential expression analysis. The algorithm uses the
complete list of expressed genes instead of a subset of the top differen-
tially expressed genes, increasing sensitivity to small but concordant
changes. The motivation for using the whole gene expression profile is
that groups with small but consistent changes tend to be discarded when
taking only the top changing genes as representatives for genome-wide
expression profiles. Considering all expressed genes allows for detecting
enriched groups of related genes that would have been considered
weakly differential on their own but with a concordant change in
expression. The results of the differential expression test were repre-
sented as the list of expression changes ranked on the statistical signif-
icance of differential expression of basal glucose SF vs basal glucose
control and high glucose SF vs high glucose control. The same genes
were ranked using the (negative) -log10-transformed p-value multiplied
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by the sign of the log2-FC, where the sign denotes the change direction:
positive for upregulated gene expression in samples and negative for
downregulated expression in samples. The most significantly upregu-
lated genes are at the top of the list, the most significantly down-
regulated genes are at the bottom, and those genes with small changes
are in the middle.

The output is an ES which is then often normalised to the size of the
gene set and in correlations between gene sets and the expression
dataset [32]. The sign of the enrichment score indicates whether the
pathway is upregulated (positive) or down-regulated (negative). If a set
is not enriched to a significant q value, the signal in the dataset is not
enough to make any claims for that particular set, i.e., there is not
enough evidence of changes in that set due to the treatment. Positive
NES indicates gene set enrichment mostly from upregulated genes
(located at the top of the ranked list); a negative ES indicates gene set
enrichment mostly from down-regulated genes (located at the bottom of
the ranked list). Raw data is stored in ArrayExpress under accessions
E-MTAB-12851 and E-MTAB-12858.

2.4. Seahorse Analyser

HepG2 cells were seeded at a density of 5 x 10 cells/well in six wells
of the eight-well Seahorse plate and grown for 48 h. For the OCR assay,
the medium was replaced with Seahorse XF DMEM Medium, pH 7.4,
supplemented with 10 mM p-Glucose, 1 mM pyruvate and 2 mM 1-
Glutamine, and cell cultures were allowed to equilibrate for 1 h at 37 °C
in a no-CO5 incubator. For the ECAR assay, the medium was replaced
with Seahorse XF DMEM Medium, pH 7.4, supplemented with 4 mM t-
Glutamine. Seahorse assays were performed according to the manufac-
turer’s instructions, as reported in Pasquale et al. [33]. At the end of the
assay, protein from each well was obtained for both the OCR and ECAR
assays was extracted to normalise for variation in cell number. Briefly,
cells were lysed with 1X lysis buffer (Cell Signalling Technology, #:
98038S), and lysates were centrifuged at 17,000 g at 4 °C for 10 min.
Protein concentrations were then quantified using the bicinchoninic
protein assay (Sigma #: BCA1-1 KT).

2.5. Stable isotope tracers/gas chromatography coupled to mass
spectrometry (GC-MS)

For the 13Cg glucose assay, HepG2 cells were seeded at a density of 2
x 10° cells/incubated for a further 24 h with DMEM (Sigma, #: D5030)
supplemented with 30.5 mg of 13Cg glucose (Sigma, #: 389374) for the
BG environment or 140 mg of 13C¢ glucose for the HG environment and
12Cs glutamine (Roth, #: HN08.2), and sodium bicarbonate (Sigma, #:
S5761) with 10 uM of SF or control (DMSO) without serum. For the 13Cs
glutamine assay, HepG2 cells were treated as described for the 13Cg
glucose assay, except using 12Cg glucose and 12 mg of 13Cs glutamine
(Sigma, #: 605166). For the 1-2-13Cg¢ glucose assay, HepG2 cells were
treated as described for the 13C¢ glucose assay except using 1-2-13Ce
glucose tracer (Sigma, #: 453188) and 12Cs glutamine.

Metabolites were extracted and quantified as previously described
[34]. GC-MS chromatograms were processed using the in-house devel-
oped software, MetaboliteDetector, v3.320200313 [35]. Mass iso-
topomer distributions were calculated according to the chemical
formulas from Wegner et al. [36].

2.6. Glutathione, pyroglutamic acid and amino acid analysis through
liquid chromatography coupled to mass spectrometry (LC-MS)

HepG2 cells were seeded on a 6-well plate (2 x 10° cells/well).
Metabolites were extracted according to Labuschange and colleagues
[37]. Amino acid separation was carried out according to the chro-
matographic method described by Prinsen and colleagues after injection
of 1 pL of the sample [38]. Separation of oxidised/reduced glutathione
was separated using Luna Omega Polar 1.6 pM Polar C18 (Thermofisher)
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column, and the temperature for both columns was set to 30 °C. For the
chromatographic separation gradient, mobile phases were used. Mobile
phase A was 0.1% formic acid in water, and mobile phase B was 0.1%
formic acid in methanol.

For separating all compounds, the mobile phase gradient was started
from 1% B for 2 min, 2% B for 4.1 min, 10% B for 5 min, 20% B for 6 min.
After 1 min the column was washed up with 90% B and re-equilibrated
for 2 min by 1% B. The flow rate was 0.1 ml/min. The LC eluent flow was
sprayed into the mass spectrometer interface without splitting. All ions
were monitored using mass spectrometry in multiple reaction moni-
toring modes (MRM) in positive polarity with an electrospray ionisation
(ESI) source. The source parameters were: [1] gas temperature of 200 °C
with a gas flow of 16 I/min, [2] sheath gas temperature of 300 °C with a
sheath gas flow of 11 1/min, and nebuliser pressure of 50 psi and
capillary voltage of 3500 °C. 4 Quantification of metabolites was carried
out as described by Perez-Moral [39].

2.7. CRISPR-Cas 9 transfection

Cell transfection in a 6-well plate was performed using Lipofect-
amine CRISPRMAX (Invitrogen #: CMAX00003). HepG2 cells were
seeded at 2X10° cells per ml well and transfected with 12.5 pg of
GeneArt platinum Cas9 nuclease and 144 pL of Cas9 plus reagent or
12.5 pg of GeneArt platinum Cas9 nuclease, 144 pL of Cas9 plus reagent,
and 2.5 pg of sgRNA for 9 h as previously described [40]. The percentage
of locus-specific indel formation was measured by GeneArt® Genomic
Cleavage Detection Kit (GCD), according to Yu and colleagues [40].
Band intensities were quantitated using the ImageJ software.

2.8. NRF2 immunoblotting

Following 72 h post-transfection, the supernatant from the trans-
fected cells was removed, washed once with 1X DPBS, and trypsinised.
Edited cells were transferred to a T75 flask and were left to expand for 2-
3 weeks, constantly changing the media every three days. Once cells
reached 80% confluency, cells were passaged as previously described
and were seeded onto 6 well plates. Cell lysates were extracted with cell
lysis buffer containing protease and phosphates inhibitors (pH 6.8) on
ice for 10 min. Denatured samples (30 pg) were separated as previously
described [41].

2.9. Quantitative RT-PCR

RNA isolated from WT and NRF2-KD HepG2 and quantified. 4 ng of
RNA was utilised, and NQO1, G6PD and TKT mRNA was assessed by
real-time qPCR (StepOnePlus) and normalised to the housekeeping gene
B-actin.

2.10. Statistical analysis

Statistical analysis was carried out using Graph Pad Prism version
(9.2.0) Results are represented as means + SD from three to five bio-
logical replicates. Significance was assessed using either a paired Stu-
dent t-test or two-way ANOVA followed by the Benjamini Hochberg test
were appropriate, with significance confirmed by p <0.05.

3. Results

3.1. SF induces antioxidant as well as central metabolism genes in
different metabolic states in the HepG2 cells

We first assessed the effect of exposing HepG2 to two different
glucose environments, basal (BG; 5.5 mM) and high (HG; 25 mM),
representing HepG2 cells in different cellular metabolic states through
RNA sequencing. As expected, exposure to excessive glucose concen-
tration led to HepG2 cells upregulating gene sets involved in
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proliferation, such as calcium (NES = 1.64, q=0.049), Hedgehog
(NES=1.79, q=0.005) and Wnt (NES= 1.65, q=0.042) signalling along
with Focal adhesion (NES= 1.80, q=0.005 and basal cell carcinoma
(NES= 1.75, q=0.009) (Fig. S1A), thereby increasing its cancer pheno-
type. There were 157 genes that were changed by high glucose (q <0.05,
Supplementary Table 1).

We next assessed the effects of SF in modulating hepatic metabolism
transcription by exposing HepG2 to 10 pM SF, representing a physio-
logical concentration [42]. We identified that SF resulted in more
enriched gene sets in the HG environment, 14, compared to 9 in the BG
environment (Fig. S1B). SF treatment in the BG environment resulted in
transcriptional changes to 1657 genes, of which 691 were upregulated
and 966 were downregulated (q<0.05, Supplementary Table 2). In the
HG environment, 536 were upregulated, and 714 were downregulated
(g<0.05, Supplementary Table 3).In the HG environment, SF led to a
positive enrichment of Cytokine-Cytokine receptor interaction genes
(normalised enrichment score (NES) 1.75, q=0.023) and Toll-like re-
ceptor signalling pathway (NES 1.76, g=0.023). In both glucose envi-
ronments, SF upregulated genes involved in Glutathione metabolism
(NES 1.81 in BG, ¢=0.016 and 2.05 in HG, qg=0.001) and Metabolism of
Xenobiotics by P450 (NES 1.73 in BG, q=0.041 and 1.80 in HG,
q=0.021), key NRF2 targets, and proteasome metabolism (NES 1.93 in
BG, g=0.009 and 2.03 in HG, q <0.0001). SF downregulated glycine,
serine and threonine metabolism in both environments (NES -1.76 in
BG, q=0.027 and —1.74 in HG, q=0.047), and One Carbon Pool by
Folate was upregulated by SF, albeit only in the HG environment (1.72
in HG, q=0.026), key pathways in one carbon (1C) metabolism
(Fig. S1B).

As expected, antioxidant and Phase II metabolism genes directly
regulated by NRF2 were upregulated to a greater extent in the HG vs BG.
There was an extensive upregulation in the glutathione biosynthetic
gene, the modifier (GCLM) and the catalytic subunit (GCLC) greater than
4-fold in both glucose environments (Table 1.). SF treatment also
resulted in a 4-fold increase in TXNRD1 compared to a 2-fold increase in
basal glucose. TXNRD1 maintains thioredoxin (TXN) in the reduced
state by reducing cystine to cysteine in the presence of NADPH. SF
treatment also resulted in a 2.8-fold increase in the high glucose envi-
ronment in glutathione peroxidase (GPX2) compared to a 2-fold increase
in basal glucose, whose functions is involved in reducing hydrogen
peroxide through reduced glutathione. Finally, SF treatment resulted in
a 5.4-fold increase in basal and high glucose in sulfiredoxin (SRXN1)
involved in reducing the cysteine-sulfinic acid formed under exposure to
oxidants [43].

3.2. SF results in increased reduced glutathione in the high but not basal
glucose environment in HepG2 cells

Glutathione is a potent antioxidant capable of preventing damage to
cellular components caused by ROS, such as free radicals, peroxides and

lipid peroxides [44]. We used LC-MS to assess reduced glutathione

Table 1
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intracellular concentration levels, as the former indicates the cellular
antioxidant capacity. Using LC-MS, we showed that HG impaired the
cell’s ability to accumulate reduced glutathione. In contrast, SF treat-
ment resulted in a 20-fold increase from 3 pM to 61 pM (Fig. 1A).
Interestingly, when cells are not metabolically stressed, such as at BG
levels, SF did not affect intracellular concentration of reduced gluta-
thione (BG control 15 pM compared to BG SF 18 pM) (Fig. 1A). We also
identified that the intracellular concentration of oxidised glutathione
was unaffected by either the glucose environment or SF treatment and
was almost undetected (data not shown), suggesting that the increase in
reduced glutathione might be linked to increased glutathione synthesis.

3.3. SF redirects glutamine towards glutathione biosynthesis in HepG2
cells

As reduced glutathione levels increased in the presence of SF, we
next assessed the presence of glutamate, cysteine, and glycine, critical
substrates required for glutathione biosynthesis. Glutamate is derived
from glutamine and can act as an energy source by entering the TCA
cycle [45]. Using LC-MS, we identified that SF significantly increased
the intracellular concentration of glutamine in the HG environment
from 27 pM to 46 pM (p<0.017 Fig. S2). In contrast, intracellular
glutamate was significantly decreased, likely suggesting glutamate
being consumed in downstream pathways (p<0.04, Fig. S2).

Reduced Glutathione
Intracellular Levels

ns
1
80— ns % % % %
L
60 ? = DMSO
= Sulforaphane
40-

Concentration (uM) / 10° cells

N |:I=|
0 . r“ll
Basal Glucose High Glucose

Fig. 1. SF increases reduced glutathione in HepG2 cells.

HepG2 cells were treated with 10 pM SF for 24 h in basal (5.5 mM) and high
glucose (25 mM). After 24 h, reduced glutathione intracellular levels were
quantified. DMSO BG vs SF BG p= 0.8, DMSO BG vs DMSO HG p= 0.13, and
DMSO HG vs SF HG p<0.0001. Metabolites were normalised to the total
number of cells. Values are mean + SD. Results from in vitro experiments are
representative of n= 3 biological replicates.

Comparison of differentially expressed genes in response to SF in BG and HG involved in glutathione metabolism and the antioxidant response.

Gene Symbol Ensembl ID Gene Basal Glucose High Glucose

Fold" Change g-value” Fold" Change Qvalue”
GCLC ENSG00000001084 Glutamate-cysteine ligase catalytic subunit 4.2 <0.001 4.4 <0.001
GCLM ENSG00000023909 Glutamate-cysteine ligase regulatory subunit 6.0 <0.001 5.0 <0.001
GLRX ENSG00000173221 Glutaredoxin-1 1.3 0.04 1.8 <0.0001
GPX2 ENSG00000176153 Glutathione Peroxidase 2 2.0 0.04 2.8 0.007
GSR ENSG00000104687 Glutathione reductase 2.3 <0.001 2.3 <0.001
SLC7A11 ENSG00000151012 Cysteine/Glutamate transporter 2.7 0.04 2.7 0.007
SRXN1 ENSG00000271303 Sulfiredoxin 1 5.4 <0.001 5.4 <0.001
TXN ENSG00000136810 Thioredoxin 1.8 <0.001 1.9 0.001
TXNRD1 ENSG00000198431 Thioredoxin reductase 1 2.0 <0.001 4.6 0.002

@ Fold change of SF treated cells compared to DMSO control.
b g-values were determined through Benjamini-Hochberg p-value adjustment
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To test this and assess whether SF affected the glutamine flux to-
wards glutathione, we cultured HepG2 in both glucose environments
with a fully labelled glutamine tracer as the only glutamine source in the
culture media. The glutamine tracer can be converted through gluta-
minase to M5 glutamate (all five carbon atoms labelled). Glutamate can
then feed into the TCA cycle through glutamate dehydrogenase,
resulting in M5 a-ketoglutarate (also referred to as 2-oxoglutarate), or be
redirected towards other metabolic pathways. The abundance of gluta-
mine, glutamate and the TCA metabolites succinate and fumarate were
quantified using GC-MS. SF in both glucose environments increased
glutamine flux in the cell M5 glutamine, followed by a decrease in M5
glutamate only in the high glucose environment (Fig. 2 A-B). The tracer
also revealed a profound reduction in M4 succinate (four carbon atoms
labelled due to releasing a carbon dioxide molecule during the reaction)
and a decrease in M4 fumarate in the HG environment (Fig. 2 C-D).

Consistent with the substrate redirection, we showed that SF did not
affect the mitochondrial function in BG as measured by the Seahorse
Analyser. In contrast, SF-treated cells in HG demonstrated significantly
(p=0.02) diminished maximal capacity of mitochondria activity
(Fig. S2). Similarly, SF treated cells had reduced ATP production in the
HG but not the BG environment (Fig. S2). Taken together, these results
suggest that SF in the HG environment reduces glutamine flux into the
tricarboxylic acid (TCA) cycle, leading to reduced capacity for maximal
respiration, and instead redirects glutamine towards other metabolic
pathways, potentially glutathione biosynthesis.
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3.4. SF affects cysteine metabolism in HepG2 cells

We next focused on assessing how SF affects cysteine metabolism.
From the RNA sequencing analysis, SF treatment significantly increased
the cystine/glutamate transporter expression (SLC7A11) expression by
2.5-fold in both glucose environments (Fig. 3A). SF treatment resulted in
a significant cysteine reduction in the extracellular concentration
(media) in both glucose environments (Fig. 3B), whereas levels of
intracellular cysteine remained unchanged. Together, these results
suggest an increased influx of cysteine which does not accumulate
intracellularly but is likely utilised in subsequent pathways, namely
glutathione biosynthesis and potentially through the backflow of the
Transsulfuration pathway.

3.5. SF affects one carbon (1C) metabolism in HepG2 cells

We next quantified glycine and serine and found that SF decreased
both the serine and glycine intracellular pool (Fig. 4. A, B) without
affecting their extracellular levels [46], suggesting that the observed
decrease in serine and glycine could be from a reduction in serine
biosynthesis and/or increased intracellular utilisation, likely as a sub-
strate for glutathione biosynthesis.

SF also downregulated the first and the rate-limiting step in serine
biosynthesis, phosphoglycerate dehydrogenase (PHGDH), in both
glucose environments by about 1.5 fold. In addition, SF downregulated
the expression of two genes involved in the catabolism of glycine:
glycine decarboxylase (GLDC) by 1.4 and 1.3 fold in the BG and HG

* % %
A) Glutamine N B) Glutamate m
* % X %
i 51 @
* ok K e E
n =£E
o 08
£ E 1.0 K K K ® §
Qs n = DMSOBG 50O
w
= g 0.8 mm Sulforaphane BG 89
o
88 o6 mm DMSO HG S
S+ mm Sulforaphane HG 2 E
T E 3 =
€0 0.4 a
3 & © Q
o =
© @ o ©
o £ 0.2 2 E
2 E 58
5E g2
=2 00 "0
x o MO M1 M2 M3 M4 M5
. * kK K
C) Succinate D) Fumarate 1
* % Kk %
! S o
* Kk K £ 0.8-
y oE ns
©
oo * %k ™ -
EZ 05 -3
GE —| mm DMSOBG 52 0.6
S35 oagat Sulforaphane BG 3 Q
b 6 v - L] | ulioraphane g Py
S == DMSO HG &< 0.4
89 o3 T E
S+ B Sulforaphane HG g o
25 o2 as
S8 - < @ 0.2
a% o ‘5,‘
© Qo >
[Pl 0.1 = ©
2l i
58 oo ALNNRURN NN oaan HE g
xwn MO M1 M2 M3 M4 o U Mo M1 M2 M3 M4

Fig. 2. SF affects glutamine metabolism, and TCA cycle intermediates in HepG2 cells.

HepG2 cells were treated with 10 pM SF for 24 h in the presence of the fully labelled glutamine tracer (13Cs) in basal glucose (BG, 5.5 mM) or high glucose (HG, 25
mM). After 24 h, metabolites were extracted and quantified using GC-MS. (A) Labelling pattern of glutamine, (B) Labelling pattern of glutamate, (C) Labelling pattern
of succinate, and (D) Labelling of fumarate. All values are expressed as mean + SD. The x-axis MO to M5 for glutamine and MO to M4 for succinate and fumarate
represent the mass isotopomer distribution (MID). This represents the incorporation of the isotope into the metabolite. MO means that all the carbon atoms in the
metabolite are from carbon-12, whereas M + n depicts that n carbon atoms are isotopes from the used tracer. The MID represents the relative abundances of M+0 to
M + n isotopologues for each metabolite. Consequently, the sum of all fractions from M+0 to M + n is 100% or 1. M5 glutamine: DMSO BG vs SF BG q<0.0001,
DMSO BG vs DMSO HG q=0.01, and DMSO HG vs DMSO SF q<0.0001. M5 glutamate: DMSO BG vs SF BG q=0.0021, DMSO BG vs DMSO HG q<0.0001, and DMSO
HG vs SF HG q<0.0001. M4 succinate: DMSO BG vs SF BG q=0.0026, DMSO BG vs DMSO HG q<0.0001, and DMSO HG vs SF HG q<0.0001. M4 fumarate: DMSO
BG vs SF BG q=0.14, DMSO BG vs DMSO HG q<0.0001, and DMSO HG vs SF HG q=0.02. Values are mean =+ SD. Results from in vitro experiments are representative
of n= 3 biological replicates.
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environment, respectively, which catalyses glycine degradation to H-

protein-S-aminomethyldihydrolipoyllysine
(Table 2).
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Fig. 3. SF affects cysteine metabolism in HepG2 cells.
HepG2 cells were treated with 10 uM SF for 24 h in
basal (5.5 mM) and high glucose (25 mM). After 24 h,
metabolites were extracted and quantified using the
LC-MS TripleQuad 6490 Agilent. (A) Whole tran-
scriptome analysis on HepG2 looking at the cystine
receptor <0.05 corrected using the Benjamini
Hochberg. (B) Cysteine extracellular levels: DMSO
BG vs SF BG p<0.0001, DMSO BG vs DMSO HG
p=0.077, and DMSO HG vs SF HG p<0.0001. (C)
Cysteine intracellular levels: DMSO BG vs SF BG
p=0.51, DMSO BG vs DMSO HG p=0.0014, and
DMSO HG vs SF HG p=0.15. Metabolites were nor-
malised to the number of cells. Values are mean +
SD. Results from in vitro experiments are represen-
tative of n= 3 biological replicates.

Fig. 4. SF affects serine and glycine levels in HepG2
cells.

HepG2 cells were treated with 10 pM SF for 24 h in
basal (5.5 mM) and high glucose (25 mM). After 24 h,
metabolites were extracted and quantified using the
LC-MS TripleQuad 6490 Agilent. (A) Serine intra-
cellular levels: DMSO BG vs SF BG p=0.0024, DMSO
BG vs DMSO HG p<0.0001, and DMSO HG vs SF HG
p=0.0006. (B) Glycine intracellular levels: DMSO
BG vs SF BG p=0.0003, DMSO BG vs DMSO HG
p<0.0001, and DMSO HG vs SF HG p=0.0003. (C)
Serine extracellular levels: DMSO BG vs SF BG
p=0.99, DMSO BG vs DMSO HG p=0.0075, and
DMSO HG vs SF HG p=0.6. (D) Glycine extracellular
levels: DMSO BG vs SF BG p= 0.82, DMSO BG vs
DMSO HG p= 0.08, and DMSO HG vs SF HG p=0.99.
Values are mean + SD. Results from in vitro experi-
ments are representative of n= 4 biological replicates.

To better understand how serine and glycine are utilised intracellu-

dioxide larly in the presence of SF, we cultured HepG2 in both glucose envi-
ronments with a fully labelled glucose tracer [U'3Cq] as the only glucose
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Table 2

Comparison of differentially expressed genes in response to SF in BG and HG involved in 1C Metabolism, Pentose Phosphate Pathway and Glycolysis.

Redox Biology 67 (2023) 102878

Gene Symbol Ensembl ID Gene Basal Glucose High Glucose

Fold" Change g-value” Fold" Change Qvalue”
PHGDH ENSG00000092621 Phosphoglycerate dehydrogenase -1.7 0.005 -1.6 0.01
GLDC ENSG00000178445 Glycine decarboxylase -1.4 0.005 -1.3 0.01
GNMT ENSG00000124713 Glycine-N-methyltransferase -7.0 0.001 3.0 0.03
ALDHI1L1 ENSG00000144908 10-formyltetrahydrofolate dehydrogenase 1.9 <0.001 2.3 <0.001
MTHFDIL ENSG00000120254 monofunctional C1-tetrahydrofolate 1.3 0.01 1.3 0.04
BHMT2 ENSG00000132840 betaine-homocysteine S-methyltransferase 2 3.6 <0.001 3.2 <0.001
G6PD ENSG00000160211 Glucose-6-Phosphate Dehydrogenase 1.2 0.3 1.6 0.01
TKT ENSG00000163931 Transketolase 1.5 0.02 1.7 0.005
TALDO1 ENSG00000177156 Transaldolase 1 2.0 <0.001 2.2 <0.001
ENO3 ENSG00000108515 Enolase -2.3 <0.001 -1.7 0.01
PGM1 ENSG00000079739 Phosphoglucomutase-1 -1.5 0.004 -1.4 0.01
GCKR ENSG00000084734 Glucose kinase regulatory protein 2.4 <0.001 2.4 <0.001

# Fold change of SF treated cells compared to DMSO control.
b g-values were determined through Benjamini-Hochberg p-value adjustment

source in the culture media. This tracer is catabolised via the glycolytic
intermediate 3-phosphoglycerate to M3 serine and, subsequently, to M2
glycine through the combined action of the serine synthetic pathway
(SSP) and serine hydroxymethyltransferase (SHTM1/2). A summary of
how serine is derived from glucose through the serine synthetic pathway
is shown in (Fig. 5A).

SF had no effect in labelled serine in BG except for M1 serine but led
to a significant reduction across M1, M2 and M3 serine in HG, indicating
a decreased serine biosynthesis from glucose (M3) and reduced activity

A)

Serine Synthetic Pathway

Serine

of SHMT (M1, M2), which is further confirmed in reduced fractions of
M1 and M2 glycine isotopologues (Fig. 5B and C).

3.6. SF affects the methionine cycle in HepG2 cells

We next measured methionine cycle metabolites and found that
firstly SF increased the methionine pool in BG but not significantly in HG
(Fig. 6A). These methionine levels were also correlated with increased
SAM levels, the first step in the methionine cycle (Fig. 6B). SAM is used

Fig. 5. SF affects serine and glycine metabolism in
HepG2 cells.

(A) Summary of serine biosynthesis from glucose
through the serine synthetic pathway. HepG2 cells
were treated with 10 pM SF for 24 h in basal glucose
(5.5 mM) or high glucose (25 mM). After 24 h, me-
tabolites were extracted and quantified using GC-MS.
(B) Serine labelling from the 13Cg glucose tracer.

M3 serine BG DMSO vs BG SF q=0.20, BG DMSO vs
HG DMSO q=0.0007, HG DMSO vs HG SF q=0.0078.
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(C) Glycine labelling from the 13Cg glucose tracer.
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HG DMSO g<0.001 HG DMSO vs HG SF q=0.0093,
M1 Glycine BG DMSO vs BF SF q =0.21, BG DMSO vs
HG DMSO q<0.0001, HG DMSO vs HG SF q=0.03.
Values are mean + SD. Results from in vitro experi-
ments are representative of n=>5 biological replicates.
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A) Intracellular levels of methionine
quantified by GC-MS

=

Redox Biology 67 (2023) 102878

SAM Fig. 6. SF affects methionine metabolism in HepG2
* % cells.
HepG2 cells were treated with 10 pM SF for 24 h in
basal glucose (5.5 mM) or high glucose (25 mM).
After 24 h, metabolites were extracted and quantified
using GC-MS and LC-MS. (A) Methionine: BG DMSO
vs BG SF p=0.031 and HG DMSO vs HG SF p=0.13.
(B) S-Adenosyl methionine (SAM): BG DMSO vs BG
SF p= 0.0094, BG DMSO vs HG DMSO p=0.0012, and
HG DMSO vs HG SF p=0.0019. (C) S-Adenosyl ho-
mocysteine (SAH): BG DMSO vs BG SF p= 0.028, BG
DMSO vs HG DMSO p= 0.037, and HG DMSO vs HG
SF p=0.92. (D) Betaine: BG DMSO vs BG SF
p<0.0001, BG DMSO vs HG DMSO p<0.0001, and
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as a methyl donor for methylation reactions in the cell, yielding SAH as a
byproduct, which was not changed in response to SF in the HG envi-
ronment (Fig. 6C). Finally, we identified that in the HG environment, SF
significantly increased the SAM/SAH ratio (Fig. 6E).

We next sought to identify the source of methyl groups to support the
increased methionine levels in response to SF. 5-methyl tetrahydrofolate
[47] is the primary methyl donor for the reaction that remethylates
homocysteine into methionine and is produced in the folate cycle via the
transfer of the serine methyl group to THF. Using the [U*3Cq] glucose
tracer, we identified that most of the intracellular methionine was
unlabelled (data not shown), suggesting 5-methyl THF is not the methyl
donor and the methyl group from serine is transferred to THF for purine
rather than methionine biosynthesis. Betaine is an alternative methyl
donor for methionine, an essential cofactor for converting homocysteine
back to methionine in the methionine cycle. Interestingly, SF decreased
betaine (Fig. 6D), making it a likely methyl source for the production of
methionine in response to SF. In support of this, there was a prominent
transcriptional upregulation in the BHMT2 betaine homocysteine

methyl transferase 2, by 3.6 and 3.2 fold in the BG and HG environment,
respectively, a gene that transfers methyl groups from betaine to ho-
mocysteine to regenerate methionine (Table 2.).

3.7. SF redirects glucose towards the pentose phosphate pathway in the
high but not basal glucose in HepG2 cells

We next sought to test whether the reduction in glucose flux through
the serine synthesis pathway was due to the glucose being redirected
towards the PPP [24] and used a [1,213C2] glucose tracer to test this. The
glucose catabolism through the oxidative PPP leads to M1
ribulose-5-phosphate (Ru5P) accumulation, which can finally be con-
verted to M1 pyruvate and M1 lactate via the reductive PPP and LDH
activity. On the other hand, glycolysis generates M2 lactate (Fig. 7A).
The fraction of M1 lactate in relation to the sum of M1 and M2 lactate
and pyruvate indicates oxidative PPP activity. Notably, SF increased
oxidative PPP activity in HG but not BG, identified by a significant in-
crease in M1 pyruvate (Fig. 7B). In addition, in the HG environment, SF
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Fig. 7. SF affects glycolysis and PPP in HepG2 cells.
(A) Summary of how the 1-2-13C, glucose tracer is
metabolised to assess glycolysis and PPP activity.
Following the phosphorylation of glucose through
hexokinase to generate glucose-6 phosphate (G6P),
the labelled G6P molecule can continue glycolysis,
producing M2 lactate and pyruvate, or if it is
metabolised through the oxidative phase of PPP to
generate M1 ribulose 5-phosphate (Ru5P), the end
product of the oxidative branch of the PPP. Blue cir-
cles represent the labelled 13C carbon, whilst red
circles represent the labelled 13C carbon derived

=3 DMSO
=3 Sulforaphane

from the non-oxidative branch of the PPP. (B) HepG2
cells were treated with 10 pM SF for 24 h in basal
glucose (5.5 mM) or high glucose (25 mM). After 24
h, metabolites were extracted and quantified using
GC-MS. Pyruvate labelling through the 1-2 13C¢
tracer: BG DMSO vs BG SF p =0.06, BG DMSO vs HG
DMSO p<0.0001, HG DMSO vs HG SF p=0.0014. (C)
Glucose-6 phosphate quantification from the
untargeted metabolomics: BG DMSO vs BG SF p
=0.95, BG DMSO vs HG DMSO p=0.25, HG DMSO vs
HG SF p=0.06. (D) Ribulose-5 phosphate quanti-
fication from the untargeted metabolomics: BG
DMSO vs BG SF p =0.19, BG DMSO vs HG DMSO
p=0.90, HG DMSO vs HG SF p=0.0077. Values are
mean + SD. Results from in vitro experiments are
representative of n= 3 biological replicates. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
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treatment led to a significant increase in Ru5P, the end product of the
oxidative phase of the PPP (p<0.01) whilst the increase of
glucose-6-phosphate was insignificant (G6P, p=0.06) (Fig. 7C and D). In
addition, HepG2 cells treated with SF demonstrated reduced glycolytic
activity measured by the glycolysis stress test using the Seahorse XPg
Analyser (Fig. S3). The data suggest a reduction in glucose flux and
likely redirection in the PPP pathway.

Consistent with this observation, SF significantly upregulated the
expression of the rate-limiting enzyme glucose-6-phosphate dehydro-
genase (G6PD) in the PPP in the HG environment only by 1.6 fold, and
upregulated expression of transketolase (TKT) and transaldolase
(TALDO), both involved in the non-oxidative branch of the PPP, 1.7-fold
and 2.2-fold in HG cells (Table 2.).

We also showed that SF downregulated key glycolytic genes enolase
3 (ENO3, BG DMSO vs BG SF q= 0.0006, HG DMSO vs HG SF q=0.01)
and phosphoglucomutase-1 (PGM1, BG DMSO vs BG SF q=0.003, HG
DMSO vs HG SF q=0.02) and upregulated expression of glucose kinase
regulatory protein (GCKR), involved in binding and controlling the
function of glucokinase, the first gene in glycolysis. GCKR phosphory-
lates glucose and allows it to be either broken down through glycolysis
or redirected towards the PPP (Table 2.).

3.8. CRISPR-Cas9 reveals that NRF2 mediates the metabolic effects of SF

We utilised the genome editing technique CRISPR-Cas9 to develop a
novel hepatic cell line with substantially impaired NRF2 activity. We
first assessed the efficiency of NRF2 editing by stimulating WT and
NRF2-KD HepG2 cells with 10 pM SF. There was a 60% reduction in
NRF2 protein; notably, the lower band of the NRF2 was deleted entirely,
which suggests that the editing resulted in a truncated NRF2 protein
(Fig. 8A and B).

We first looked at downstream NRF2 target genes, known to have an
ARE sequence, including NQO1, an essential Phase II gene, and two
genes in the PPP, G6PD and TKT, under the HG environment, as that is

this article.)

Basal Glucose High Glucose

where we observed SF increasing reduced glutathione and interfering
with 1C metabolism. SF treatment in NRF2-KD cells attenuated NQO1
induction (1.5-fold increase in NRF2-KD cells vs 5-fold upregulation in
WT; (Fig. S4B), and failed to induce expression of G6PD and TKT in
NRF2-KD, compared to a 1.5 and 2-fold increase in WT, respectively
(Figs. S4C-D).

In contrast to the NRF2 wild-type cells, SF did not affect extracellular
cysteine or the intracellular glutamate, serine and glycine levels in
NRF2-KD cells (Fig. 8 C-F). Interestingly, untreated NRF2-KD cells had
significantly lower serine, glycine and glutamate levels, suggesting that
NRF2 plays a crucial role in regulating baseline serine/glycine/gluta-
mate levels.

We also identified that for betaine but not methionine, the NRF2-KD
cells had higher levels than WT cells, suggesting that the regulation of
betaine is independent of NRF2. SF treatment for the WT cells signifi-
cantly reduced methionine and betaine, but the effect was abolished in
the NRF2-KD cells (Figs. S4E-F).

As expected, SF affected transcription increasingly over time in WT
cells, as seen by the separation of the control and SF-treated samples
(Fig. S4G). However, this was abolished when NRF2-KD cells were
exposed to SF (Fig. S4H), suggesting that NRF2 mediates the over-
whelming majority of gene induction by SF.

NRF2 editing affected the ability of SF to induce genes involved in
Glutathione Metabolism (NES WT 1.8, q=0.008 vs 1.1 NRF2 KD,
q=0.57), Metabolism of Xenobiotics by Cytochrome P450 (NES WT
1.83, q=0.006 vs 1.2 NRF2-KD, q=0.53) and PPP (NES WT 1.73,
q=0.004 vs 0.72 NRF2-KD, q=0.91) (Table 3, Fig. S41). Glycine, Serine
and Threonine metabolism pathway was enriched despite NRF2 status,
although to a lesser extent in NRF2KD cells (NES WT -1.79, q=0.03 vs
—1.63 NRF2-KD, q=0.07) (Fig. S41).

4. Discussion

In this study, we set out to assess for the first time the effect and the
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mechanisms by which SF regulates metabolism that potentially un-
derpins the observed health benefits of consuming SF-rich diets, which
include protection from type-2 diabetes, cancer progression and car-
diovascular disease. SF, compared to other phytochemicals such as
quercetin (found in apples, berries, onion, tea and red wine), curcumin
(found in turmeric), beta-carotene (present in carrots and sweet po-
tatoes) and resveratrol (red wine), is the most potent activator of the key
cellular antioxidant transcriptional regulator, NRF2 [14]. To date, the
mechanistic focus has been the ability of SF to elicit a systemic antiox-
idant response through NRF2, but the potential mechanism by which SF
may regulate metabolism is less clear. In addition, although NRF2 has
recently been implicated in regulating genes involved in metabolic
pathways, it is not yet clear whether the putative SF effects on metabolic
pathways are mediated solely via NRF2. To assess these, we evaluated
the effect of physiological concentrations of SF on HepG2 cells cultured
in two distinct glucose environments to represent a liver not subject to
oxidative stress and a high-glucose induced insulin resistant liver under
oxidative stress. We first identified that dietary activation of NRF2 by SF
is still maintained during excess glucose [48] and showed for the first
time that SF is indeed a metabolic regulator and specifically interferes
with the metabolism of glutamine and cysteine along with serine and
glycine in 1C metabolism, interconnected with its ability to increase
antioxidant cellular capacity. In doing so, SF resolves glucose

10

T T
WT HepG2 NRF2 KD HepG2

imbalances, increases antioxidant capacity, and supports methylation by
increasing the methyl pool. Using CRISPR-Cas9 genome editing, we
found that these effects were entirely mediated by the ability of SF to
induce NRF2.

When hepatocytes are cultured in excessive glucose ranging from 25
to 100 mM, oxidative stress is enhanced through increased expression of
TNF-a and IL-6. Moreover, the excess glucose load can result in the
oxidation of thiol groups on cysteine residues and blocking insulin sig-
nalling [49-51]. To counterbalance the increased oxidative stress, we
show that SF treatment in the HG but not the BG environment results in a
profound increase in reduced glutathione and induction in the antioxi-
dant response genes (Fig. 1A). It is highly plausible that dietary com-
pounds could have minimal effects in normal conditions but only fully
mobilise their protective mechanisms when the cells are in metabolic
dysregulation. An increase in GSH synthesis is primarily controlled by
the cellular level of the amino acid cysteine, the availability of which is
the rate-limiting step [44] but also requires glutamate and glycine. To
meet glutathione demands, we showed SF upregulated the activity of the
cystine transporter (SLC7A11), thereby increasing cysteine flux
(Fig. 3A). Although SF increased glutamine levels, the resulting gluta-
mate did not enter the TCA cycle, as seen by the observed reduced levels
of the TCA intermediates, succinate and fumarate. (Fig. 2). The reduced
glutamate levels in response to SF suggest glutamate was subsequently
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Comparison of differentially expressed genes in response to SF in the WT and NRF2-KD HepG2 cell lines involved in the antioxidant response, PPP, glycolysis, glycine

serine and threonine metabolism.

Gene Symbol Ensembl ID Gene Wild type NRF2KD

Fold" Change g-value” Fold" Change Qvalue”
GCLC ENSG00000001084 Glutamate-cysteine ligase catalytic subunit 3.2 <0.001 1.3 <0.001
GCLM ENSG00000023909 Glutamate-cysteine ligase regulatory subunit 4.1 <0.001 1.4 <0.001
SLC7A11 ENSG00000151012 Cysteine/Glutamate transporter 3.3 <0.001 1.6 <0.001
GPX2 ENSG00000176153 Glutathione Peroxidase 2 2.0 <0.001 1.0 0.92
GSR ENSG00000104687 Glutathione Reductase 2.2 <0.001 1.2 <0.001
TXN ENSG00000136810 Thioredoxin 2.0 <0.001 1.0 0.99
TXNRD1 ENSG00000198431 Thioredoxin reductase 1 4.3 <0.001 1.4 <0.001
G6PD ENSG00000160211 Glucose-6-Phosphate Dehydrogenase 1.5 <0.001 1.0 0.60
PGD ENSG00000142657 Phosphogluconate dehydrogenase 1.5 <0.001 1.0 0.94
RPE ENSG00000197713 ribulose-5-phosphate-3-epimerase 1.2 <0.001 1.0 0.01
TALDO1 ENSG00000177156 Transaldolase 1 2.2 <0.001 1.1 <0.001
TKT ENSG00000163931 Transketolase 1.7 <0.001 1.1 0.41
GPI ENSG00000105220 Glucose Phosphate Isomerase 1.3 <0.001 1.0 <0.001
PFKP ENSG00000067057 Phospho Fructo Kinase platelet 1.7 <0.001 1.1 0.41
ALDOA ENSG00000149925 Aldolase A 1.5 <0.001 1.1 0.10
PRPS1 ENSG00000147224 Phosphoribosyl pyrophosphate synthase 1 1.3 <0.001 1.1 0.21
PHGDH ENSG00000092621 Phosphoglycerate Dehydrogenase -1.2 <0.001 -1.0 <0.001
PSPH ENSG00000146733 Phosphoserine Phosphatase -1.4 <0.001 -1.0 <0.001
GLDC ENSG00000178445 Glycine Decarboxylase -1.3 <0.001 -1.1 <0.001
GNMT ENSG00000124713 Glycine-N-methyl transferase -29 <0.001 -2 <0.001
ALDHI1L1 ENSG00000144908 Aldehyde Dehydrogenase family 1 member L1 2.3 <0.001 1.0 0.60
MTHFDIL ENSG00000120254 Methylenetetrahydrofolate dehydrogenase 1.3 <0.001 1.1 0.02
BHMT2 ENSG00000132840 betaine-homocysteine S-methyltransferase 2 2.3 <0.001 1.3 <0.001

? Fold change of SF treated cells compared to DMSO control.
b g-values were determined through Benjamini-Hochberg p-value adjustment

bound to cysteine to produce y-Glutamyl-Cysteine, a metabolic precur-
sor of GSH. The final GSH amino acid, glycine, was also reduced by SF
(Fig. 4), partly due to increased utilisation towards GSH biosynthesis.

The increased glutathione-mediated antioxidant capacity of cells
following SF treatment requires the availability of NADPH. NADPH is
the primary reducing agent in the body, and many oxidoreduction re-
actions, including reducing oxidised Glutathione and thioredoxin, occur
through the oxidation of NADPH to NADP ™" [52]. PPP is the major source
of NADPH in the cell, and the increase in the glucose flux away from
glycolysis to the PPP, as well as the transcriptional activation of PPP
genes, such as G6PD, PGD, TKT, and TALDO, which are NRF2 targets
observed by SF only under HG conditions, will lead to an increase in
NADPH pool that supports antioxidant reactions [25]. In addition,
previous findings have shown that serine catabolism through
SHMT1-MTHFD1-ALDH1L1 generates two NADPH per serine, support-
ing hepatic lipogenesis [53]. Such metabolic and transcriptional
response to SF will allow the cells to maximise NADPH production for
the continuous regeneration of GSH, which is needed to suppress the
inflammatory cytokines and ROS produced by the high glucose envi-
ronment [49]. In addition, other NADPH-consuming pathways, such as
lipid biosynthesis, are also reduced, as described previously [26,54], and
also seen here as the downregulation of genes involved in the biosyn-
thesis of unsaturated fatty acids (Fig. S4F).

The availability of glucose likely drives the increased PPP capacity
seen here. Glucose can feed into glycolysis, the PPP, but also serves as a
one-carbon donor for serine and glycine biosynthesis in 1C metabolism.
In high-glucose environments, SF redirected glucose away from glycol-
ysis, as seen by a marked reduction of glycolytic activity (Fig. S3) and
downregulation of glycolytic genes (Table 2), and towards the oxidative
phase of the PPP. In the presence of SF, excess glucose was promptly
converted to glucose-6-phosphate (Fig. 7), driven by the increased
transcription of the NRF2-dependent rate-limiting glucose-6-phosphate
dehydrogenase (G6PD) enzyme, which led to increased ribulose-5-
phosphate (Ru5P) levels (Fig. 7). The NADPH generated in the process
is necessary for reductive biosynthesis of glutathione and antioxidant
reactions.

The redirection of glucose flux from glycolysis towards the PPP may
also partly explain the established chemopreventive activity of SF [55].
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Reduced glucose flux implies a glucose reduction through the SSP, ul-
timately decreasing serine and glycine biosynthesis [56]. Many cancer
cells depend highly on serine and glycine for proliferation [37,57].
Tumours that have a loss of p53 become addicted to serine, and serine
starvation has been shown to decrease the growth of such tumours
considerably [51]. In addition, SSP genes such as PHGDH and SHTMT
are often upregulated in lung, breast and melanoma cancer cell lines
[58,59]. The reduction of the total intracellular serine by SF was due to
decreased serine biosynthesis, as evidenced by a down-regulation of
PHGDH, the rate-limiting biosynthetic gene, PSPH and a reduction in
glucose flux (Table 3). Such reduction of the intracellular pool of serine
and glycine seen here may reflect fewer methyl units entering the folate
cycle, potentially resulting in reduced proliferation, which suggests a
novel mechanism for the chemopreventive effects of SF.

Previously SF has been shown to act as an epigenetic modulator,
mainly through downregulating DNA methyltransferases and acting as
an HDAC inhibitor [60,61]. SF treatment on LnCap prostate cancer cells
decreased the expression of specific DNA methyltransferases such as
DNMT1 and DNMT3b and lowered the methylation in the promoter
region of the cyclin D2 gene [62]. In addition, HepG2 cells treated with
concentrations of SF ranging from 2 to 32 uM resulted in SF inhibiting
histone deacetylases (HDACs), resulting in a change in the methylation
status in the promoter region of several oncogenic transcription factors,
ultimately resulting in induced cell death through apoptosis and cell
cycle arrest, thereby further highlighting its chemopreventive action
[63]. In this study, we also demonstrate that SF directly interferes with
1C metabolism and the methionine cycle, thereby regulating the
methylation capacity of the cell (Fig. 6).

The two critical components of 1C metabolism are folate and
methionine; both substrates provide methyl groups to the methyl donor
SAM, which acts as a substrate for numerous methyl transferase re-
actions and is critical for the maintenance and adaptation of the epi-
genome [64-66]. During the process, SAH is produced, a potent
inhibitor of a wide range of methyltransferases that can be hydrolysed to
homocysteine and converted back to methionine to complete the
methionine cycle. Here, we report that SF affected 1C metabolism and
the methionine cycle by affecting the methionine and SAM levels in the
cells in the HG environment. Notably, the SAM: SAH ratio levels were
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significantly higher in SF-treated cells under excess glucose (Fig. 6). The
ratio of SAM: SAH is frequently used as an indicator of cellular
methylation capacity, whereby an increased ratio predicts enhanced
cellular methylation potential [67]. The increase in SAM is consistent
with the observation that SF downregulates glycine-N-methyltransferase
(GNMT), which catalyses the synthesis of N-methyl glycine (sarcosine)
from glycine using S-Adenosyl methionine (SAM) as the methyl donor,
thereby reducing SAM levels. The conversion of SAH back to methionine
can occur through the transmethylation reaction of either betaine or
vitamin B12 through methionine synthase. The utilisation of betaine,
which is part of a one-carbon metabolism via the methionine cycle,
occurs mainly in the mitochondria of liver and kidney cells. In this re-
action, BHMT catalyses the addition of a methyl group from betaine to
homocysteine to form methionine, forming dimethylglycine (DM). In
the case of SF, we suspect the decrease in betaine is due to the reme-
thylation of homocysteine. These reactions are essential in animals
because they conserve methionine and detoxify homocysteine, which is
a cause of cardiovascular disease [68].

Through CRISPR/Cas9 genome editing, we were also able to
demonstrate that the metabolic shifts observed were directly linked to
the ability of SF to activate NRF2, as cells with significantly impaired
NRF2 levels could not affect metabolic fluxes or induce transcriptional
changes to facilitate these.

There are emerging reports of the metabolic health benefits observed
in SF-rich diets. Such diets have been shown to reduce HblAc and
improve glucose homeostasis in Type 2 diabetics [9] and significantly
decrease serum insulin concentration and homeostatic model assess-
ment of insulin resistance (HOMA-IR) [69,70]. Insulin signalling is re-
ported to activate NRF2 [71], and insulin and NRF2 activation trigger
cellular glucose uptake. However, some contradictory observations
remain at the interface of NRF2-dependent cellular detoxification and
glucose metabolism. For example, a recent mouse study showed that
non-canonical or constituent NRF2 activation increases carbohydrate
flux through the polyol pathway, resulting in a pro-diabetic shift in
glucose homeostasis [72]. However, constitutive activation of NRF2 has
previously been shown to have adverse metabolic effects, resulting in
continuous serine and glycine biosynthesis through the upregulation of
serine biosynthetic genes, allowing cancer cells to proliferate and met-
astasise [73]. This apparent contradiction may be explained by the
different nature of NRF2 activation, whereby dietary activation of NRF2
by SF leads to transient NRF2 activation as opposed to the permanent
constitutive supraphysiological NRF2 activation occurring in genetic
models, which is associated with deleterious effects [74].

5. Conclusion

To conclude, we have shown that the antioxidant capacity of SF is
directly linked to its ability to act as a metabolic regulator. In the liver,
SF rewires central metabolic fluxes, namely glutamine and glucose, as
well as 1C metabolism and methionine cycle to support the production
of reduced glutathione and the antioxidant reactions that affect cellular
redox status, and, in the process, resolving the metabolic stress as a
result of excess glucose in an NRF2-dependent manner. In this way, we
demonstrate for the first time how SF coordinates the regulation of
antioxidant capacity, glucose metabolism, and the epigenetics land-
scape, which underpin SF’s health benefits, particularly around Type 2
diabetes and cancer prevention.
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